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H 0 details of the badge-wearer as recorded on a barcode strip on the badge body. The reading is completed within 20s and requires no operator skills. Because the badges are small and lightweight, they can be worn unobtrusively for use in health surveys. Furthermore, the fact that each badge carries five reagent spots affords the possibility of using a combination of different reagent spots to provide compensation for effects of variations in humidity and temperature as well as for other chemical interferences. This feature is especially important, since gas/solid reactions are frequently humidity-dependent, always temperature-dependent and rarely totally specific to one analyte.
The reagent systems used for ozone and nitrogen dioxide have already been described 3 . 5 . Ozone is detected by its bleaching effect on Indigocarmine C.1. 73015:
The reader (top left) and badge (top right and lower schematic) of the PiezOptic system. Each badge has five reagent spots; but for clarity only one is shown in the schematic. converted to heat by non-radiative decay. The heat expands the film, stressing the PVDF and generating an electric charge which is measured using a lock-in amplifier. The PiezOptic method is thus parallel to photo-acoustic spectroscopy, probing absorption directly by measuring its thermal consequences.
At the beginning of the exposure period, the badge is inserted into the reader unit, where the five reagent spots on the PVDF strip are consecutively illuminated by flashing LEDs, the emission wavelength of which is matched to the colour change of the reagent in the sensing spot. The reader records the time and the signal from each spot. The process is repeated at the end of the exposure and, from the differences of signal and time, the microprocessor in the reader derives the TWA exposure using stored calibration data. This is displayed and stored, together with the identity Although the ambient conce~trations of many common atmosphenc pollutants encountered both outdoors and indo~rs, are gene:ally far below the permitted occupatlOn~1 exposure standard (OES) or maxImum. expos~re limit (MEL) values, there IS groWIng concern that exposure of vulnerable groupS even to such low concentrations may aggravate a range of medical conditions.~xampl~s are~zone and nitrogen diOXIde, whIch can mfluence respiratory problems such as asthma; and form~ldehyd~, which is the most common mdoor~Ir pollut~nt, originating from synthetIc n:atenals based on formaldehyde resms and from cigarette smoke.
. The OES value for ?zone IS. O.~ppm as a short-term (15 .ml~ute~) hmlt; and that for nitrogen dJoxlde IS 3 ppm (8 hours) or 5 ppm (15 minutes)J. Concentrations of these pollutants may be similar, both~utdoors .and indoors. For~x.ample, n~trogen dl?xide levels in cities may flse to. as~lg.h as 300 ppb in the worst pollution IllCIdents, which is similar to th.e peak concentrations encountered mdoors near gas cookers. Formaldehyde. has an MEL of 2 ppm. ConcentratlOns indoors average about 0.1 ppm and may exceed 1 ppm in adverse conditions whereas typical urban outdoor conc~ntrations are around 0.01 ppm.
Reliable studies of the health effects of such pollutants require data on the actual time-weighted average (TWA) exposures received by indivi.dual~. The aim of the work reported Ill. thIS paper is to develop personal momtoring badges capable of providing such data for nitrogen dioxide and ozone. The development of a system for detection of formaldehyde and glutaraldehyde is also described.
The badges are based on the PiezOptic system (Figure 1 ), which has been described in detail elsewhere Figure 3 shows the response of a badge made with the 3,3'-dimethylbenzidine N0 2 reagent to 24-hour exposures as a function of nitrogen dioxide and ozone concentration. Although the badge response to ozone is measurable, the counts change in ozone is less than half that in nitrogen with 6.80 g KH 2 P0 4 and 7.10 g Na 2 HP0 4 ) and measuring the resulting decrease in absorbance at 595 nm.
Nitrogen dioxide and ozone monitoring system
Aldehyde concentrations were generated using a High Efficiency Nebulizer (from J E Meinhard Associates, Inc" California), supplied with a known volume flow rate of formaldehyde solution of known concentration by a syringe driven by an AccuPump unit (supplied by TriContinent, California). The concentration was determined by passing a known volume of the dosed air over a glass-fibre filter impregnated with 2,4-dinitrophenylhydrazine (DNPH), followed by extraction with acetonitrile and analysis by standard HPLC methods 9 , Reagent spots for ozone and nitrogen dioxide were prepared as described in references3.5 A new reagent spot was developed for formaldehyde using silver nitrate entrapped in a sol-gel silica glass matrix prepared by base catalysed hydrolysis of tetramethoxysi lane (TMOS). After drying and grinding to a fine powder, the glass reagent powder was dispersed in a 25 mg/ml solution of polyisobuty lene in a toJuene/hexane solvent. Reagent spots were prepared by dropping 5 III of such mixtures onto the piezoelectric polymer strip.
Results and discussion
Concentration I ppb Exhaust Thermostaned bath t so . 
Experimental approach
A test rig as shown in Figure 2 was used to generate controlled concentrations of the test vapour in air of defined humidity at specified tempe'ratures. Nitrogen dioxide was introduced from a cylinder of standard 38 ppm N0 2 in dry air. Ozone was generated by passing air over a DV lamp mounted inside a sealed brass container fitted with air inlet and outlet ports. The concentration was determined 8 
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Mixing chamber interference from the gas principally detected by the other reagent. Thus, nitrogen dioxide is strongly oxidising and is also capable of cleaving the central double bond of indigo) leading to the observed bleaching effect; while ozone oxidises tolidine to dark coloured products which interfere with the detection of nitrogen dioxide, Thus, in this work we have calibrated each reagent in a range of concentrations of both nitrogen dioxide and ozone. Studies of the effects of temperature and humidity have also started, and preliminary results are presented.
Finally, we present initial calibration data on a new system capable of monitoring short-term (15 minutes) formaldehyde concentrations as low as 50 ppb, together with corresponding data for the PiezOptic glutaraldehyde monitoring system, and their mutual cross-sensitivities. A calibration curve for IS-minute exposures to glutaraldehyde is shown in Figure 8 for our existing reagent for glutaraldehyde (an aromatic amine giving a yellow colour on reaction with glutaraldehyde). This reagent has a low sensitivity to formaldehyde, which can be regarded as an interfering substance. Figure 6 shows the relative responses to 0.5 ppm formaldehyde, as a function of the silver nitrate concentration in the initial gel. These results show that there is a mono tonic increase in the sensitivity with reagent concentration. However, the shelf-life of the reagent spots decreases as the reagent concentration increases, probably due to slow generation of the brown silver colouration from other reducing agents present in the packaging environment. Thus, calibration tests were conducted using a silver nitrate concentration of 0.05 M. 
Aldehyde monitoring system
The PiezOptic glutaraldehyde monitoring badge is widely used in hospitals to monitor occupational exposures to this sterilising agent. In view of the highly toxic nature of glutaraldehyde (15 minutes MEL 50 ppb), suitable replacements are being sought, including a mixture of formaldehyde and glutaraldehyde. We report here a new colour reagent system for formaldehyde, based on silver nitrate entrapped in a sol-gel silica together with the fact that the Similar calibration experiments are PiezOptic badge can be worn unobtruin progress for the ozone reagent exposed to nitrogen dioxide and ozone. A preliminary experiment exposing a badge with two nitrogen dioxide and two ozone reagent spots to nitrogen dioxide showed that exposure of the ozone spots to 28 ppb nitrogen dioxide over 24 hours gave a response corresponding to that produced over the same period by approximately 7 ppb ozone. These results show that, although there is significant cross-sensitivity for both the ozone and nitrogen dioxide reagents, each reagent has a signifi- Figure 5 : Calibration curve for cantly larger sensitivity to its main humidity reagent spot at 25°C. target analyte than to the interferent. Thus, with full calibrations of both reagent spots in both nitrogen dioxide and ozone, the readings from these two types of spot can be used to solve the simultaneous equations required to derive true concentrations of both analytes.
Since the PiezOptic system provides five reagent spots on a single badge, this multi-analyte concept can be extended to provide compensation for temperature and humidity effects. Figure 4 shows preliminary data on the effects of humidity on the ozone and nitrogen dioxide reagents.
We have developed a reagent spot based on cobalt chloride for detecting humidity, using a red LED to measure the decrease in intensity of the blue colour of the anhydrous cobalt chloride during uptake of water. Figure 5 shows the calibration curve for spots based on this reagent, for 8-hour .~10
exposures to constant humidity. Similarly, a reagent spot capable of monitoring the thermal history during exposure of the spot is under development.
Using these spots together with those for nitrogen dioxide and ozone provides, for the first time, a system capable of giving reliable data on the concentrations of both these analytes over the ranges of temperature and humidity likely to be encountered in environmental applications. This capability, fonnaldehyde can thus be combined as spots on the same badge (in exactly the same way as outlined above for ozone and nitrogen dioxide) to provide a system capable of quantifying exposures to both glutaraldehyde and fonnaldehyde in mixtures at concentrations up to their respective MEL vaJues.
Conclusions
In this paper we have demonstrated multi-analyte PiezOptic badge systems capable of monitoring oxidising gases (ozone and nitrogen dioxide, for 24-hour exposures) and aldehydes (glutaraldehyde and formaldehyde, for IS-minute exposures) in mixtures, with automatic compensation for effects of ambient humidity. A reagent spot providing compensation for temperature variations is also under development.
The extensive calibration studies required to develop algorithms for implementation of automatic derivation of the individual concentrations in a wide range of mixture compositions, temperatures and humidities are currently in progress. More detailed studies to optimise shelf-life and selectivity are also planned.
The sensitivity, the interference compensation feature and the general ease of use with minimal training are unique advantages of these PiezOptic systems. They provide new opportunities for reliable personal exposure monitoring in a wide range of medical research and occupational health appl ications.
